Abstract: G protein-coupled receptors (GPCRs), the largest family of cell receptors, act as important regulators of diverse signaling pathways. Our understanding of the impact of GPCRs in tumors is emerging, yet there is no therapeutic platform based on GPCR driver genes. As cancer progresses, it disrupts normal epithelial organization and maintains the cells outside their normal niche. The dynamic and flexible microenvironment of a tumor contains both soluble and matrix-immobilized proteases that contribute to the process of cancer advancement. An example is the activation of cell surface protease-activated receptors (PARs). Mammalian PARs are a subgroup of GPCRs that form a family of four members, PAR 1-4 , which are uniquely activated by proteases found in the microenvironment. PAR 1 and PAR 2 play central roles in tumor biology, and PAR 3 acts as a coreceptor. The significance of PAR 4 in neoplasia is just beginning to emerge. PAR 1 has been shown to be overexpressed in malignant epithelia, in direct correlation with tumor aggressiveness, but there is no expression in normal epithelium. In this review, the involvement of key transcription factors such as Egr1, p53, Twist, AP2, and Sp1 that control PAR 1 expression levels specifically, as well as hormone transcriptional regulation by both estrogen receptors (ER) and androgen receptors (AR) are discussed. The cloning of the human protease-activated receptor 2; Par2 (hPar2) promoter region and transcriptional regulation of estrogen (E 2 ) via binding of the E 2 -ER complex to estrogen response elements (ERE) are shown. In addition, evidence that TEA domain 4 (TEAD 4 ) motifs are present within the hPar2 promoter is presented since the YAP oncogene, which plays a central part in tumor etiology, acts via the TEAD 4 transcription factor. As of now, no information is available on regulation of the hPar3 promoter. With regard to hPar4, only data showing CpG methylation promoter regulation is available. Characterization of the PAR transcriptional landscape may identify powerful targets for cancer therapies.
Introduction
G protein-coupled receptors (GPCRs) are the largest family of cell surface receptors and they are involved in a wide array of physiological processes, yet their role in cancer etiology is poorly addressed [1] [2] [3] . Mammalian protease-activated receptors (PARs), a subgroup of GPCRs, is a family of four members that are activated by both soluble and matrix-immobilized proteases present in the active and flexible tumor microenvironment. Proteolytic activation of PARs contributes immensely to cancer progression. PAR 1 and PAR 2 are known to play a central part in tumor biology [4] [5] [6] [7] [8] [9] [10] . The molecular machinery associated with transition of a primary tumor from a local disease to metastatic dissemination is the center of intense studies and an ongoing challenge. PAR 1 was shown to be overexpressed in direct correlation to the aggressiveness of carcinomas, compared with no expression in normal epithelia. The hPar1 mRNA level was shown to be high in aggressive tumors utilizing a panel of tissue biopsy specimens and cell lines accompanied by in situ hybridization and reverse transcription-PCR (RT-PCR) analyses [9] . In parallel, fluorescence in situ chromosome hybridization assays performed on cells of high (e.g., CL1) and low (e.g., LNCaP) metastatic potential showed that the hPar1 gene copy number remains unchanged regardless of the hPar1 expression level, indicating that overexpression of hPar1 does not stem from gene amplification. Consequently, hPar1 transcription rates and mRNA stability were evaluated to determine the elevation rate of hPar1 mRNA levels. To analyze the stability of hPar1 mRNA, cells were treated with the transcription inhibitor 5,6-dichloro-1-β-D-ribofuranosyl benzimidazol (DRB). At various time points, mRNA was extracted and the level of hPar1 mRNA was analyzed by both Northern blotting and real-time PCR to determine levels of hPar1 mRNA. Degradation rates for hPar1 mRNA were similar regardless of whether RNA came from cells with high (e.g., CL1 or PC3; data not shown) or low (e.g., LNCaP) hPar1 expression levels [9] . In contrast, by applying a nuclear run-on assay to detect transcript elongation rates, a markedly enhanced hPar1 transcription rate was observed in the highly metastatic PC3 cells, which express high hPar1 levels compared with LNCaP of low metastatic potential where there are low levels of hPar1 expression [9] . Hence, it was concluded that increased hPar1 RNA levels in the malignant cells are primarily due to increased hPar1 transcription. This outcome guided us to center our focus and study the transcription factor (TF) landscape associated with PAR overexpression. Significantly, master TFs are conserved throughout evolution in coordinating transcriptional gene regulation networks functioning via binding to specific short sequence arrays ("motifs") in matching promoter regions to control the transcriptional expression of a panel of target genes in a plethora of pathological and physiological functions (Figure 1 ). panel of tissue biopsy specimens and cell lines accompanied by in situ hybridization and reverse transcription-PCR (RT-PCR) analyses [9] . In parallel, fluorescence in situ chromosome hybridization assays performed on cells of high (e.g., CL1) and low (e.g., LNCaP) metastatic potential showed that the hPar1 gene copy number remains unchanged regardless of the hPar1 expression level, indicating that overexpression of hPar1 does not stem from gene amplification. Consequently, hPar1 transcription rates and mRNA stability were evaluated to determine the elevation rate of hPar1 mRNA levels. To analyze the stability of hPar1 mRNA, cells were treated with the transcription inhibitor 5,6-dichloro-1-β-D-ribofuranosyl benzimidazol (DRB). At various time points, mRNA was extracted and the level of hPar1 mRNA was analyzed by both Northern blotting and real-time PCR to determine levels of hPar1 mRNA. Degradation rates for hPar1 mRNA were similar regardless of whether RNA came from cells with high (e.g., CL1 or PC3; data not shown) or low (e.g., LNCaP) hPar1 expression levels [9] . In contrast, by applying a nuclear run-on assay to detect transcript elongation rates, a markedly enhanced hPar1 transcription rate was observed in the highly metastatic PC3 cells, which express high hPar1 levels compared with LNCaP of low metastatic potential where there are low levels of hPar1 expression [9] . Hence, it was concluded that increased hPar1 RNA levels in the malignant cells are primarily due to increased hPar1 transcription. This outcome guided us to center our focus and study the transcription factor (TF) landscape associated with PAR overexpression. Significantly, master TFs are conserved throughout evolution in coordinating transcriptional gene regulation networks functioning via binding to specific short sequence arrays ("motifs") in matching promoter regions to control the transcriptional expression of a panel of target genes in a plethora of pathological and physiological functions ( Figure 1 ). The idea of a rigid hierarchical stem cell niche organization in a tumor has been challenged, suggesting that within a heterogeneous cancer cell population, targeting and identifying the stem cell compartment is the main task ahead. PAR1&2 play a central role in epithelial tumor advancement and are potent inducers of the canonical Wnt/β-catenin stabilization path, a core process both in developmental and tumor progression pathways [10, 11] . While PAR3 is a co-receptor, PAR4 (named F2RL3) has emerged as a potent stem cell marker out of a wide panel of GPCR-induced stem-cell sphere formation candidates identified with high-throughput RNA sequencing [12] .
In the present review we outline and center on relevant TFs that regulate the expression levels of PAR family members (mainly PAR1, and partially PAR2 and PAR4) in epithelial malignancies. In this respect, we discuss up-to-date knowledge on transcriptional controls including biochemical and structural aspects. While PAR1 is the prototype member, overexpressed directly with the tumor aggressiveness, we address also hormone regulation of PAR1 and PAR2, as also YAP regulation by TEA domain 4 (TEAD4) on PAR2. The regulation of hPar4 by CpG methylation is discussed as well. Finally, we provide data by searching online platform of patient data available at Gene Expression The idea of a rigid hierarchical stem cell niche organization in a tumor has been challenged, suggesting that within a heterogeneous cancer cell population, targeting and identifying the stem cell compartment is the main task ahead. PAR 1&2 play a central role in epithelial tumor advancement and are potent inducers of the canonical Wnt/β-catenin stabilization path, a core process both in developmental and tumor progression pathways [10, 11] . While PAR 3 is a co-receptor, PAR 4 (named F2RL3) has emerged as a potent stem cell marker out of a wide panel of GPCR-induced stem-cell sphere formation candidates identified with high-throughput RNA sequencing [12] .
In the present review we outline and center on relevant TFs that regulate the expression levels of PAR family members (mainly PAR 1 , and partially PAR 2 and PAR 4 ) in epithelial malignancies. In this respect, we discuss up-to-date knowledge on transcriptional controls including biochemical and structural aspects. While PAR 1 is the prototype member, overexpressed directly with the tumor aggressiveness, we address also hormone regulation of PAR 1 and PAR 2 , as also YAP regulation by TEA domain 4 (TEAD4) on PAR 2 . The regulation of hPar4 by CpG methylation is discussed as well. Finally, we provide data by searching online platform of patient data available at Gene Expression Profiling Interactive Analysis (GEPIA, http://gepia.cancer-pku.cn), on expression levels of TFs in normal and pathological epithelia.
Egr-1 Binds to hPar1 Promoter and Increases PAR 1 Expression
The promoter of the PAR 1 gene is comprised of multiple alleged consensus elements for a plethora of TFs. As a consequence, these TFs are physically associated with the promoter region and regulate PAR 1 expression levels. However, sequence-constructed methods as such are insufficient to describe the complete contact specificities of TF-DNA in vivo. To improve the specificity of candidate gene likelihoods, it is necessary to integrate appropriate context expression significance between TF and downstream genes as well as chromatin structural aspects. Chromatin immunoprecipitation (ChIP) analysis of the hPar1 promoter area along with luciferase-promoter activity aided in revealing the up-to-date part of the explicit transcription factors involved in PAR-induced epithelial cancer growth and progression [9, [13] [14] [15] . As such, analysis of the hPar1 promoter genomic sequence (accession number U63331) reveals a potential Early Growth Response-1 (Egr-1) motif located between −354 and −335 bp3 [9] .
Although a direct association between Egr-1 and the hPar1 promoter region was shown, the possibility that Egr-1 binds initially with Sp1 to form an Sp1/Egr-1 complex, as shown in the control of hepatocyte growth factor levels [16] , cannot be ruled out. However, we have presented firm evidence for the functional involvement of Egr-1 in increased hPar1 expression in prostate carcinoma [9] . Egr-1 is a zinc finger TF that centrally acts in regulating cell growth, proliferation, differentiation, and apoptosis [17] [18] [19] [20] [21] . Egr-1 binds to GC-rich consensus DNA motifs residing in regulatory areas, thereby controlling the transcription of target genes. Interestingly, not only does it bind to the promoter region of genes that act as oncogenes, it also emerges as performing a role in determining microRNA (miRNA) levels in the context of tumor biology. In recent years, one of the main cornerstones for advancing our understanding of the central mechanisms of gene control has been findings relating to microRNAs/miRs. These are small ≈22-nucleotide (nt) noncoding RNAs [22] [23] [24] [25] generated from bulky primary miRNAs (pri-miRNA) that are processed to ≈70-nt precursors (pre-miRNA) and then to the final form by endonucleases [26] [27] [28] [29] . Approximately 30% of all protein-coding genes are anticipated to be processed by miRNAs [28] . miRNAs retain various tasks in numerous biological and pathological processes, comprising the regulation of cell proliferation, differentiation, and apoptosis. Abnormal expression and dysregulation of miRNAs add to angiogenesis, tumorigenesis, and metastasis [27, 30, 31] .
Our current understanding is that miRNAs can function as either oncogenes or tumor suppressors [31, 32] . Because of the transient and dynamic nature of pri-miRNAs, owing to their rapid processing, the transcription start site (TSS) design approach relying on RNA evaluations, as in the case of miRNA, is challenging. Recent studies have found chromatin signatures that can be utilized for promoter regulatory site identification. Zhang et al. [31] discovered discrete histone alteration arrangements for promoters and enhancers, and showed the likelihood of their use in determining original control elements with chromatin immunoprecipitation (ChIP)-chip screens. Additionally, transcriptionally active genes show nucleosome reduction in the 100-to 130-base-pair (bp) gap near their TSS [33] [34] [35] . For example, it has been demonstrated that Egr-1 controls the transcription of miR-20b in breast cancer. Ionizing radiation (IR) elicits an increase in miR20b and Egr-1 expression in breast cancer. In fact, miR-20b targets the tumor suppressor genes BRCA1 and PTEN and therefore these tumor suppressors are silenced. Subsequently, miR-20b functions as an oncomiR by targeting tumor suppressor genes and tilting the balance towards oncogenicity. Egr-1 facilitates the transcription of miR-20b, thereby inducing the growth and progression of breast cancer. This suggests that both Egr-1 and miR-20b are potent targets for cancer therapy [36] .
Alternatively, Egr-1 may also act to inhibit cancer progression by targeting, for instance, miR-203a, which functions as an anti-oncogene. It can induce expression of miR-203a and indirectly inhibit the expression of HOXD3 transcription factor in hepatocellular carcinoma (HCC) via miR-203a, causing attenuation of HCC progression [37] . HOXD3 silencing and/or degradation substantially decreased HCC cell migration, invasion, and angiogenesis. Thus, it might serve as a likely future therapeutic approach for HCC.
Aspects of chromatin architecture and structure should also be considered when discussing the likelihood of TF accessibility and association with target gene promoters. Chromatin looping and participation of histone acetyltransferases p300 and CREB binding protein (CBP) are necessary for an open chromatin design and are the required components for bridging the gap between target gene-promoters and a new regulatory element termed enhancer RNA. Enhancers are another group of important control components of the genome that contribute to appropriate instigation of gene regulatory sites via creation of chromosomal coils [38] . An example of the participation of enhancer regulation is the novel transcriptional enhancer (named eRNA) for the heparanase (HSPE) gene. This is a well-known endo-β-D-glucuronidase that plays an important role since it cleaves and degrades the basement membrane component heparan sulfate, thereby promoting tumor invasion and metastasis. HPSE eRNA associates with the heterogeneous nuclear ribonucleoprotein U (hnRNPU) to facilitate its contact with p300, consequently giving rise to chromatin looping between the super enhancer, eRNA, and the HPSE regulatory region. Recruitment of Egr-1 causes elevated expression and function of HPSE. Generally, this indicates the crucial roles of the axis: eRNA/hnRNPU/p300/EGR1/HPSE in tumor development [39] .
Increasing evidence suggests that Egr-1 stimulation may act as a master alteration in many pathological processes, including cardiovascular diseases and cancers. Egr-1 has been designated in the development of a spectrum of epithelia-derived tumors such as breast, prostate, colon, and esophageal cancers [40] [41] [42] [43] [44] . Enhanced Egr-1 in esophageal cancer plays a significant part in facilitating advancement-associated oncogene/CXC chemokine receptor 2 proliferative signaling [42] . Egr-1 is upregulated in primary human prostate carcinomas [41] [42] [43] and in numerous downstream Egr-1 genes (e.g., transforming growth factor β1, insulin-like growth factor II, and platelet-derived growth factor A-chain), that have been connected to prostate cancer [44] . The silencing of Egr-1 inhibits the proliferation of prostate cancer cell and growth in the transgenic adenocarcinoma prostate of mice [45] .
The Interrelations of hPar1 and p53
In the last 20 years it has become evident that the tumor suppressor p53 and its tumor-associated mutants (mt) p53 play distinctly different roles. Whereas wild-type (wt) p53 acts in controlling the expression of genes that control a selection of cell-associated procedures comprising apoptosis, cell senescence, and cell cycle checkpoints, the mt p53 primarily act as oncogenes endorsing cell survival, invasion, and metastasis. We have demonstrated that wt p53 negatively regulates the level of hPar1 via transcriptional inhibition [13] .
In a tumor, when wt p53 expression is either lost or mutated, the tumor suppressor properties of p53 are lost. More bizarrely, mt p53 acquires the "know-how" to provoke tumor aggressiveness, invasion, chemo-resistance, and genomic instability. These properties of mt p53 are also known as p53 "gain-of-function" of pro-tumor tasks that are completely independent of wt p53 functions [46] [47] [48] [49] [50] . The p53 gene presents the greatest range of genetic variation found so far in human tumors, and affects more than 50% of all cancers [51, 52] . Frequent mutations in several "hot spots" (among which are: R175, G245, R248, R249, R273, and R282), may provide some hints on the effect of the functions of p53. These mutations are often placed in the DNA-binding area of p53 [53, 54] . As such, a collection of the mutations in the DNA binding region indicates its critical role and impact on alterations in the mt p53 target genes. Remarkably, mutations in the central region of the protein may also provide clues concerning the significance of the structural folding design of p53. The mutations are divided into two groups; those that are related to architectural aspects (such as R175H, which is unfolded under physiological situations) and those that are located at the DNA binding region. While structural features may account for the gain-of-function of mt pro tumor p53, the DNA-binding alterations may suggest that these mutants recognize a specific response element for mt p53, permitting their oncogenic function; however, there is no consensus on the sequence of such a response element.
The best known transcriptional role of mt p53 relates to its ability to associate with other transcription factors and modify their target gene levels. For example, the mt p53 (p53R175H) induces EGR-1 via physical contact between the mt p53-EGR-1 promoter, forming a complex that provides considerable action related to oncogenic gain-of-function [55] . As discussed in the previous paragraph, the transcription factor EGR-1 has been shown to associate with the promoter of hPar1 in prostate cancer, leading to hPar1 overexpression and enhancement of invasive properties [9] . In general, hPar1 levels may be stimulated indirectly by mt p53 via the induced EGR-1 level. Another option is association via the NF-Y transcription factor that binds to the CCAAT motif sequence [56] , two of which are found within the hPar1 regulatory area (at −2736 and −2516) to recruit mt p53. The acetylase p300 is bound to the mt p53-hPar1 promoter complex, where it helps to "open" the chromatin structure toward transcription [57, 58] . Notably, wt p53 is a sequence-specific transcription factor that associates with selective response elements and is negatively regulated by Mdm2, an E3 ubiquitin ligase that assigns p53 for ubiquitination and proteasomal degradation. Bioinformatic analysis for the p53 consensus sites [13] showed two motifs between −2936 to −2916 and −1724 to −1704, upstream to the PAR 1 start-site coding region. ChIP analyses conclusively exhibited direct binding and physical association between p53 and the hPar1 regulatory area for a delicate fine-tuning of the PAR 1 oncogenic function in prostate cancer growth and progression. Along with this line of evidence, while there is an inverse association between PAR 1 and wt p53 levels, a direct association was shown between mt oncogenic p53 and hPar1 levels in a panel of prostate cancer cell lines that exhibit low-to-high aggressive properties of prostate cancer with corresponding low-to-high hPar1 levels, respectively. Both the level of expression and the functionality of PAR 1 protein were evaluated as indicated by the level of phosphorylated-FAK (e.g., active focal adhesion kinase (FAK)) and transmigration through a matrigel layer. A direct association was demonstrated between the level of hPar1 expression and mt p53, as indicated by temperature sensitive (ts) mutants (inactive at 32 • C and active at 37 • C), the level of phospho-FAK, and hPar1 levels in luciferase activity assays. This outcome provides compelling evidence for the inhibition and delicate regulation of PAR 1 levels in prostate tumor in the presence of wt p53. The presence of mt p53 elicits marked levels of oncogenic PAR 1 , suggesting that the hPar1-mt p53 axis as a target for future therapeutic modalities.
Regulation of PAR 1&2 by Estrogen Response Elements (ERE)
The molecular description of breast tumor subtypes has led to important advancement in treatment. Tumor biopsy specimens that display an estrogen receptor (ER) or a progesterone receptor (PR) respond well to either anti-ER vehicles or aromatase inhibitors, which attenuate estrogen synthesis. HER2-expressing cancers are treated by personalized drugs directed to block HER2 ligand binding and dimerization via antibodies (trastuzumab, pertuzumab), or alternatively by small molecules that inhibit HER2 function such as an HER2 kinase inhibitor (Trikerb). Still, 15-20% of breast cancers fall through the flaws of this system. "Triple-negative" breast tumors lack all of the main three molecular signs: ER, PR, and high HER2 expression. Breast cancer expressing ER is controlled by the estrogen (E 2 ) hormone, which acts through transcriptional regulation of a panel of target genes. Transcriptional regulation of E 2 includes the association of E 2 to ER followed by receptor phosphorylation, receptor dimerization, and binding of the ligand-ER compound to specific motifs, namely, estrogen response elements (ERE) within the promoter of target genes.
Ligation of E 2 to ER is the driving force in breast tumor development [59, 60] , serving as a prevailing transcription factor for the enhancement of new genes that play a significant role in physiological and cancer-associated functions [61] [62] [63] [64] . To gain a mechanistic insight to the impact of PAR 1 in the etiology of breast cancer, we evaluated the functional significance of PAR 1 levels in clinical tissue microarrays and characterized the biochemistry underlying E 2 regulation of hPar1. The ultimate ongoing challenge is to identify efficient tools to assess the degree of response to a specified therapy. In a 5-year retroactive study of patients with ER-dependent tumors, we found that tumors exhibiting PAR 1 were associated with considerably shorter disease-free survival (DFS) and shorter overall survival (OS) compared with those that expressed ER but lacked PAR 1 [14] . A gene signature, such as that obtained by Oncotype Dx (Genomic Health, Inc., Redwood City, CA, USA), for example, provides a gene outline that has been established for ER-positive patients. This outline may be associated with a traditional treatment as well as any necessary refinement, which is part of an oncologist's practice today [65, 66] . For example, a low score may be compatible with hormone treatment, while a high score suggests that additional treatment, such as chemotherapy, might be indicated. ER-ligated transcriptional control of hPar1 has an aggressive profile in the breast cancer gene imprint. The presence of PAR 1 may certainly tilt the outcome scoring or stand on its own when making a treatment choice. PAR 1 classifies a group of patients that need additional therapeutic tools, either chemotherapy or personalized anti-PAR 1 biological compounds. The detailed outline of E 2 -ER regulation of PAR 1 as evaluated by ChIP and RT-PCR. Luciferase hPar1 promoter activity and immunostaining analyses are outlined in detail in Salah Z. et al. [14] . It should be pointed out that in addition to the transcriptional regulation of E 2 -ER it may regulate breast cancer through nontranscriptional regulation recruiting signaling effectors and activating multiple pathways that lead to cellular proliferation [67, 68] .
Endocrine Therapy and Selective Estrogen Receptor Modulators (SERMs)
Presently, the treatment approach for hormone-dependent breast tumors is to block the action of E 2 on cancer cells via one of three approaches: (a) preventing E 2 from associating with ER with an anti-E 2 , for example tamoxifen [64, 65] ; (b) inhibiting E 2 synthesis with an aromatase inhibitor [66] ; or (c) downregulation of ER protein levels using an anti-E 2 , for example fulvestrant (faslodex/ICI 182,780) [69] . The most familiar category of therapeutic agents targeting E 2 action is the selective estrogen receptor modulators (SERMs) for the inhibition and treatment of diseases as osteoporosis and breast tumors [70] . Tamoxifen functions as an E 2 inhibitor in breast tissue via competitive association to ER, thereby inhibiting an E 2 -stimulated increase in breast tissue cells [71] . Data collected from adjuvant breast cancer trials showed that 5 years of tamoxifen therapy inhibits breast tumor recurrence and diminishes the occurrence of contralateral second primary breast tumors by 50% [72] . Tamoxifen also has advantageous chemopreventive properties and in 1999 it became the first drug accepted by the U.S. Food and Drug Administration (FDA) for breast tumor prevention [73, 74] . However, accumulating evidence suggests that resistance can develop, most likely initiated by changes in the ER signal transduction pathway that transforms the inhibitory SERM ERα compound to a progression stimulatory signal [75, 76] . The switching of tamoxifen from antagonist to an agonist has been widely examined. It was found that tamoxifen is less powerful in ER-positive breast tumor patients with high expression of HER-2 and the ER coactivator SRC-3 (AIB1) [76] . The co-activator AIB1 (Amplified-in-breast cancer 1) is augmented in ER-positive human breast cancers [77] . AIB1, also known as SRC-3 (as well as ACTR, p/CIP, RAC3, TRAM1, and NCOA3), is part of the p160 family, which also includes SRC-1 and SRC-2 [78] . AIB1 is a transcriptional coactivator that endorses the transcriptional activity of many nuclear receptors such as ER and other transcription factors such as E2F1, AP-1, Sp1 [79] [80] [81] . ER tasks are mediated primarily by AIB1 [77, 82, 83] . AIB1 overexpression, in combination with high levels of HER-2, was to elicit agonist activity of tamoxifen in experimental cell schemes, and to facilitate resistance to adjuvant tamoxifen treatment [76] . Emerging data suggests that PAR 2 is the second PAR family member with a major part in breast tumor growth. This is based, among other things, on the detected delay in tumor onset in a murine model for tumor growth following intercross between PAR 2 knock-out mice and polyoma middle T (PyMT) mice, but not through intercross with PAR1 −/− mice [7] . This suggests that PAR 2 takes a dominant role over PAR 1 and drives protumor functions. These PAR 2 protumor functions may be initiated by tissue factor (TF), another coagulation factor, since TF cytoplasmic domain-deleted mice were also shown to have delays in spontaneous breast tumor growth in the polyoma middle T model [84, 85] . Accumulating evidence supports the concept that PAR 1 and PAR 2 are located in a close proximity and act as one functional unit when establishing heterodimers [86, 87] . Consistently, PAR 2 plays a dominant part in PAR 1 -PAR 2 instigated tumor activity, since shRNA silencing of hPar2 effectively inhibits PAR 1 -induced function but silencing hPar1 does not affect PAR 2 -associated signaling. Accordingly, PAR 2 represents an attractive therapeutic target in cancer [86] .
The presence of functional ERE motifs was shown in the cloned promoter of hPar2, with an E 2 -like effect of tamoxifen on hPar1 and hPar2 expression (Figure 2 (Figure 2 ). High AIB1 expression was shown to modify tamoxifen function from antagonist to agonist on a wide range of target proteins [77, 80] . This effect, however, entails both growth factor receptor cross-talk and high AIB1 protein levels, which lead to ER and AIB1 phosphorylation [88] . AIB1 silencing of attenuates the impact of E 2 or tamoxifen along with TFLLRN or SLIGKV activation of MCF-7 cell-proliferation. The presence of functional ERE motifs was shown in the cloned promoter of hPar2, with an E2-like effect of tamoxifen on hPar1 and hPar2 expression (Figure 2 ) (Jaber M. et al. unpublished data). In addition, the molecular mechanism of tamoxifen-ligated ER involves recruitment of the transcription coactivator AIB1 to the hPar1 and hPar2 promoters. This outcome points to protumor effects of tamoxifen instead of acting as a powerful E2-ligated ER antagonist. Upregulation of hPar1 and hPar2 by tamoxifen could be responsible, at least in part, for the tumor resistance or even progression seen in a meaningful number of tamoxifen-treated patients. Our findings provide new insights to the progression of breast tumor and endocrine treatment resistance, proposing future approaches for delaying or withdrawing progression by combining tamoxifen treatment with hPar1 and hPar2 inhibitors, which are presently reaching clinical trials. Evidence shows that AIB1 silencing attenuates the effect of E2 and tamoxifen on hPar2 and hPar1 expression. This was shown through ChIP assays and specific shRNA aib1 silencing (Figure 2 ). High AIB1 expression was shown to modify tamoxifen function from antagonist to agonist on a wide range of target proteins [77, 80] . This effect, however, entails both growth factor receptor cross-talk and high AIB1 protein levels, which lead to ER and AIB1 phosphorylation [88] . AIB1 silencing of attenuates the impact of E2 or tamoxifen along with TFLLRN or SLIGKV activation of MCF-7 cell-proliferation. M) were applied for various time periods, and the RT-PCR analysis was performed to determine levels of PAR2. While a marked enhancement in PAR2 level is seen by 2 h of 10 −8 M treatment and remains till 24 h, no effect is seen by 2 h at 10 −9 M. An elevated level of PAR2 at 10 −9 M was observed after 6 h of treatment which remained elevated up to 24 h. Dose-response of TAM on the levels of PS2, which is a downstream gene target of tamoxifen (TAM). (e) Down-regulation of aib1 inhibited the effect of E2 and tamoxifen on hPar2 expression and proliferation. MCF-7 cells were stably infected with shRNAaib1 and maintained for 48 h in phenol red-free medium supplemented with charcoal-stripped fetal bovine serum before either E2 or tamoxifen treatment. Then, the medium was changed to a serumfree medium with or without 10 −8 M E2 or tamoxifen at 10 −7 , 10 −6 M treatment. After two hours, RNA was isolated and RT-PCR analysis of hPar2 was performed. Sh-aib1 inhibited the effect of tamoxifen and E2 induced hPar2-LUC-promoter activity. MCF-7 shaib1 cells were transiently transfected with the hPar2-LUC reporter construct. After 48 h the cells were treated with 10 −8 M E2 or 10 −7 and 10 −6 M tamoxifen for a period of two hours and Luc promoter activity was measured. No effect was observed after E2 and tamoxifen treatment. Luciferase activity was normalized to β-gal activity as a control for transfection efficiency. The mean ± standard deviation (SD) are shown (n = 6). (f) Recruitment of ER to the hPar2 promoter: ChIP analysis. (b) Chromatin fragments immunoprecipitated with the indicated antibodies were purified and the regions containing the ERE-proposed sites were amplified using PCR. An equal amount (input) of DNA was applied. PCR products generated by using either hPar2 promoter primers or GAPDH primers to amplify the immunoprecipitated DNA before and after E2 (10 −8 M) and tamoxifen (10 −6 M) treatment of MCF-7 are shown. GAPDH primers, control IgG, and a non-relevant (αFlt-1) antibody was used as controls for the evaluation of non-specific immunocomplex formation. Recruitment of ER and AIB1 to the PS2 promoter: ChIP analysis. MCF-7 cells were treated with 10 −8 M E2, 10 −6 M tamoxifen, or with the vehicle alone; chromatin was immunoprecipitated with antibodies against either ER or AIB1. The final DNA extracted were amplified using a primer set that covers functional EREs specific to pS2 promoter sequence. Primers specific to unrelated GAPDH gene sequence were used as a control. Input DNA that was amplified by PCR before immunoprecipitation. Control IgG was used as control for non-specific immunocomplex formation. (g) 5′-flanking sequences of hPar2 promoter and proposed ERE motifs are shown. EREs are highlighted, along with the sequences of the two sets of primers used.
For the purpose of studying E2-ligated ER on hPar2, we cloned 2400 bp of the promoter region (Jaber M. et al. unpublished data) and prepared deletion constructs of varying length (Figure 2a) . This enabled the localization of estrogen response elements (ERE) following bioinformatics search of M) were applied for various time periods, and the RT-PCR analysis was performed to determine levels of PAR 2 . While a marked enhancement in PAR 2 level is seen by 2 h of 10 −8 M treatment and remains till 24 h, no effect is seen by 2 h at 10 −9 M. An elevated level of PAR 2 at 10 −9 M was observed after 6 h of treatment which remained elevated up to 24 h. Dose-response of TAM on the levels of PS2, which is a downstream gene target of tamoxifen (TAM). (e) Down-regulation of aib1 inhibited the effect of E 2 and tamoxifen on hPar2 expression and proliferation. MCF-7 cells were stably infected with shRNA-aib1 and maintained for 48 h in phenol red-free medium supplemented with charcoal-stripped fetal bovine serum before either E 2 or tamoxifen treatment. Then, the medium was changed to a serum-free medium with or without 10 −8 M E 2 or tamoxifen at 10 −7 , 10 −6 M treatment. After two hours, RNA was isolated and RT-PCR analysis of hPar 2 was performed. Sh-aib1 inhibited the effect of tamoxifen and E 2 induced hPar 2 -LUC-promoter activity. MCF-7 shaib1 cells were transiently transfected with the hPar2-LUC reporter construct. After 48 h the cells were treated with 10 −8 M E 2 or 10 −7 and 10 −6 M tamoxifen for a period of two hours and Luc promoter activity was measured. No effect was observed after E 2 and tamoxifen treatment. Luciferase activity was normalized to β-gal activity as a control for transfection efficiency. The mean ± standard deviation (SD) are shown (n = 6). (f) Recruitment of ER to the hPar2 promoter: ChIP analysis. (b) Chromatin fragments immunoprecipitated with the indicated antibodies were purified and the regions containing the ERE-proposed sites were amplified using PCR. An equal amount (input) of DNA was applied. PCR products generated by using either hPar 2 promoter primers or GAPDH primers to amplify the immunoprecipitated DNA before and after E 2 (10 −8 M) and tamoxifen (10 −6 M) treatment of MCF-7 are shown. GAPDH primers, control IgG, and a non-relevant (αFlt-1) antibody was used as controls for the evaluation of non-specific immunocomplex formation. Recruitment of ER and AIB1 to the PS2 promoter: ChIP analysis. MCF-7 cells were treated with 10 −8 M E 2 , 10 −6 M tamoxifen, or with the vehicle alone; chromatin was immunoprecipitated with antibodies against either ER or AIB1. The final DNA extracted were amplified using a primer set that covers functional EREs specific to pS2 promoter sequence. Primers specific to unrelated GAPDH gene sequence were used as a control. Input DNA that was amplified by PCR before immunoprecipitation. Control IgG was used as control for non-specific immunocomplex formation. (g) 5 -flanking sequences of hPar2 promoter and proposed ERE motifs are shown. EREs are highlighted, along with the sequences of the two sets of primers used.
For the purpose of studying E 2 -ligated ER on hPar2, we cloned 2400 bp of the promoter region (Jaber M. et al. unpublished data) and prepared deletion constructs of varying length (Figure 2a) . This enabled the localization of estrogen response elements (ERE) following bioinformatics search of the hPar2 promoter. Four ERE candidates within hPar2 promoter were found, located at: −99-80; 5 -gaga ggcTGACCttctctc-3 ; −114-94; 5 -ccgattcggggcaGGTgAga-3 (R); −186-167; 5'-cgcaGGTgAgtac gctgct-3 (R) and −210-192 5 -ttccGGTCccggggcgtgg-3 (R) (Figure 2c ). In parallel, two breast tumor cell lines (MCF-7 and T47D) characterized as ER-positive cells that express low-to-no hPar2 levels and also low-to-no hPar1 were used. RT-PCR, Western blot and luciferase promoter activity ( Figure 2b ) were employed to estimate the E 2 modulation of hPar2 expression. Increased hPar2 RNA and protein are seen at 10 −8 M and also at 10 −9 M E 2 ( Figure 2d ), but was inhibited in the presence of ICI 182,780, a known antagonist of ER. Accordingly, a marked inhibition of the Luc-hPar2 promoter activity was observed in the presence of ICI (data not shown).
While showing a correlation between hPar2 expression and ER in breast tumors, we also aimed to assess the effect of tamoxifen on hPar2 expression. A marked increase in the level of hPar2 was observed in both RNA and protein in the presence of tamoxifen. To demonstrate AIB1 involvement in the regulation of hPar2 by tamoxifen, a stable clone of MCF-7 cells was generated, and it was silenced using shRNA-aib1 following lentiviral infection. MCF-7 cells expressing shRNA for aib1 were then treated with tamoxifen or by E 2 and evaluated for hPar2 level of expression by analysis of RNA levels as well as Luc-promoter activity. A marked inhibition in tamoxifen-treated cells was seen in the presence of shRNA-aib1 (Figure 2e ). ChIP analysis was performed on MCF-7 cells before and after E 2 or tamoxifen therapy. A specific increase in the presence of E 2 or tamoxifen compared with the untreated cells was observed. By using an antibody towards the irrelevant protein (Flt-1, a cell surface receptor) or control IgG to immunoprecipitate chromatin from the cell lysates (before and after E 2 usage), negligible levels, which were not affected by E 2 , were seen (Figure 2f,g ). When PCR primers for the pS2 gene (a known estrogen target gene) were utilized in a similar ChIP assay, E 2 stimulated occupancy of the pS2 regulatory region by both ER and AIB1, while tamoxifen, as assessed, recruited ER, but not AIB1, to the pS2 promoter. These results are in line with the data obtained for HER2 and ER-AIB1 [77] . Our results demonstrate a direct binding of ER and AIB1 to the hPar2 promoter by tamoxifen. E 2 -ligated ER axis might clarify the agonist function of tamoxifen on the hPar2 level.
Regulation by Androgen Response Elements (ARE): Implications to Prostate Cancer
Strongly linked to the tissue context, androgen hormones may instigate the upregulation of a gene imprint, possibly including PAR 1 . Since the androgen hormone drives increases in prostate tumor growth, the standard therapy is androgen ablation. Ablation therapy results in tumor regression up to a point, at which the tumor reappears in an aggressive and androgen-independent form. Androgen receptor (AR) is phosphorylated and forms homodimers upon ligand binding (e.g., testosterone or dihydrotestosterone (DHT)). Ligated AR is translocated to the nucleus, where it functions as a transcription factor through binding to ARE. These motifs are canonical half-site TGTYCT sequences that are separated by three nucleotides from the other half. Nearly no hPar1 is expressed in normal prostate tissues, whereas high and abundant levels are detected in neoplastic prostate tissue biopsy specimens. The powerful part PAR 1 plays in prostate cancer progression is shown by comparing radical prostatectomy tissues after androgen ablation with samples taken several weeks prior to the ablation surgery from the same individuals [15] . Apart from hPar1, other genes such as FGF8b and VEGF were also shown to be regulated by ligated-AR [15, 89, 90] . The functional nature of ARE within the hPar1 promoter was shown using EMSA, Luc-promoter activities, and differential levels of expression in the clinical settings [15] .
Twist Transcriptional Regulation
The Twist family of basic helix-loop-helix (bHLH) transcription factors is known to control transcriptional regulation that activates or suppresses the transcription of downstream genes via binding to DNA E-box sequences CAGGTG or CGTCTG [91, 92] . Accumulating evidence indicates that PAR 1 stimulates pro-migratory properties in epithelial malignancies, notably epithelial-mesenchyme transition (EMT), which is characterized by the loss of epithelial indicators (E-cadherin and β-catenins) [92] and the gain of mesenchymal cell markers (fibronectin, vimentin, smooth muscle actin, and N-cadherin). The bioinformatics search for a PAR 1 promoter pointed to the CAGGTG putative binding motif (unpublished data), although the resulting functionality has not yet been clarified. Twist elicits the expression of PAR 1 as a downstream gene. This leads to the development of oncogenic traits via inhibition of the Hippo pathway that is induced by PAR 1 activation [93] . Once Hippo is inhibited, oncogenic YAP/TAZ translocates to the cell nuclei, where it acts as a transcription co-activator of TEAD and induces a pro-tumor gene signature.
AP2 and Sp1 Transcription Regulation and Inverse Correlation with Maspin
Transcriptional regulation of hPar1 in melanoma growth and advancement from the radial to the vertical growth phase has been shown [94] . Whereas an opposite relationship was observed between the high PAR 1 levels in aggressive melanoma and the activator protein-2 (AP-2), a direct correlation is seen with the expression of specificity protein 1 (Sp1). Analysis of the PAR 1 regulatory region revealed specific binding motifs for both transcription factors that bind in a mutually exclusive manner for the association motifs located at bp −365 to −329 (complex 1) and bp −206 to 180 (complex 2), depending on the tissue context. It appears that AP-2 is absent in highly aggressive cells while Sp1 takes the lead. In contrast, AP-2 is expressed in the non-metastatic phase whereby Sp1 is absent. It has been proposed that a loss of AP-2 instigates metastatic capability in melanoma [94] . Another inverse correlation in melanoma tissues was also demonstrated between levels of PAR 1 and Maspin, a tumor suppressor [95] . However, this inverse correlation acts in a different manner, whereby PAR 1 inhibits binding of Ets-1 and c-Jun transcription factors to the promoter of Maspin. Consequently, PAR 1 acts indirectly by inhibiting the Maspin tumor suppressor-driven inhibition of melanoma progression and as a result facilitates more aggressive behavior of melanoma cells.
TEAD4 and Coactivators YAP/TAZ
The TEA domain (TEAD) family of transcription factors includes four members (TEAD1-4) that control the levels of various genes linked with cell propagation, apoptosis, and differentiation. TEAD4 is the main downstream transcription factor in the Hippo signaling pathway, a major player in tumorigenesis that is often disrupted in tumors. TEAD4 was recently found to be an oncogene and a likely prognostic marker, as well as a therapeutic target in both gastric and breast cancers [96, 97] . The transcription coactivators YAP and TAZ, downstream of the Hippo pathway, associate with target genes mostly through their interactions with TEAD4, specifically with the regulatory regions of target genes, via their preserved TEA sites. The Hippo pathway plays a critical part in controlling organ size, and its dysregulation has been connected with numerous tumors [97] [98] [99] . YAP and TAZ transcription coactivators are the major effectors of the Hippo pathway. Hippo signaling and the YAP/TAZ-TEAD axis are regulated by GPCR signals as well as by multiple factors containing cell-cell interaction and mechanical cues [100, 101] .
Upstream kinases in the mammalian Hippo signaling pathway, including mammalian STE20-like protein kinase 1/2 (MST1/2), activate via phosphorylation of downstream kinases, including large tumor suppressor 1/2 (LATS1/2) with the assistance of the adaptor MOB kinase activator 1A/B (MOB1A/B) and Salvador family WW domain-holding protein 1 (SAV1) [99] . Consecutively, LATS1/2 phosphorylates the final destination YAP/TAZ and causes their anchoring and retention by the cell cytoplasmic pool that serves as a depot reservoir leading to the inhibition of YAP/TAZ. Once de-phosphorylated YAP/TAZ enters the nucleus, the axis functions as an oncogene, interacting and forming a complex with TEADs to regulate the gene signature transcriptome. TEAD proteins are composed of an N-terminal TEA domain and a C-terminal YAP-binding domain (YBD) [102] . The TEAD YBD is the direct link to co-transcription regulatory proteins among which are YAP/TAZ through which the TEA domain is accountable for the association with DNA. The TEA domain of TEADs is greatly preserved throughout evolution and is broadly present in eukaryotes from fungi to mammals [103] . It appears that the TEAD4-regulated transcriptome in colorectal cancer is also rich in genes that contribute to colon cancer recurrence. These observations indicate that TEAD4 is a biomarker for colorectal cancer relapse and plays an important part in the initiation and development of colorectal adenoma.
A noticeable task for GPCRs and their associated ligands as controls of Hippo signaling has been recognized [103] [104] [105] [106] [107] . The bioactive lipids sphingosine 1-phosphate (S1P) and lysophosphatidic acid (LPA), which act through S1PR and LPA receptors [104, 106] via Gα12/13, are powerful inducers of nuclear YAP/TAZ. It has been shown that PAR1 activation potently induces nuclear YAP localization followed by decreased phosphorylation, mediated via Gα12/13 and Rho GTPase [104] . We have identified TEAD4 motifs within hPar2 promoters 5 -GTGGAATGT-3 and 5 -CATTCCA-3 (Jaber M., unpublished data). Indeed, SLIGKV activation of PAR 2 markedly promoted TEAD4 LUC promoter activity (Figure 3 ). These outcomes indicate that PARs may serve as potent physiological inducers of the YAP-TEAD4 axis, pointing to a wide range of PAR regulated gene signatures downstream and suggests that they are good targets for therapy. A noticeable task for GPCRs and their associated ligands as controls of Hippo signaling has been recognized [103] [104] [105] [106] [107] . The bioactive lipids sphingosine 1-phosphate (S1P) and lysophosphatidic acid (LPA), which act through S1PR and LPA receptors [104, 106] via Gα12/13, are powerful inducers of nuclear YAP/TAZ. It has been shown that PAR1 activation potently induces nuclear YAP localization followed by decreased phosphorylation, mediated via Gα12/13 and Rho GTPase [104] . We have identified TEAD4 motifs within hPar2 promoters 5′-GTGGAATGT-3′ and 5′-CATTCCA-3′ (Jaber M., unpublished data). Indeed, SLIGKV activation of PAR2 markedly promoted TEAD4 LUC promoter activity (Figure 3 ). These outcomes indicate that PARs may serve as potent physiological inducers of the YAP-TEAD4 axis, pointing to a wide range of PAR regulated gene signatures downstream and suggests that they are good targets for therapy. 
PAR4 Transcriptional Regulation
The involvement of PAR4 (also known as F2RL3) in cancer is poorly understood, yet it has emerged as a potent stem cell marker among GPCRs for cancer cell sphere formation, as shown in high-throughput RNA sequencing [12] . Recent studies have shown that PAR4 is regulated by CpG promoter methylation. PAR4 levels are decreased upon methylation and increased upon hypomethylation in colorectal cancer tissues when compared to matched normal tissues, particularly in poorly differentiated tumors and in lymph nodes with metastases [108] . As a result, transcriptional silencing by promoter hypermethylation has been proposed as a potentially significant tool controlling levels of oncogene expression. It has been shown that 5-Aza-dC, a demethylating agent, 
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The involvement of PAR 4 (also known as F2RL3) in cancer is poorly understood, yet it has emerged as a potent stem cell marker among GPCRs for cancer cell sphere formation, as shown in high-throughput RNA sequencing [12] . Recent studies have shown that PAR 4 is regulated by CpG promoter methylation. PAR4 levels are decreased upon methylation and increased upon hypomethylation in colorectal cancer tissues when compared to matched normal tissues, particularly in poorly differentiated tumors and in lymph nodes with metastases [108] . As a result, transcriptional silencing by promoter hypermethylation has been proposed as a potentially significant tool controlling levels of oncogene expression. It has been shown that 5-Aza-dC, a demethylating agent, restored PAR 4 levels in the colorectal cancer LoVo cell-line [109] . While DNA methylation is largely considered as a tool for transcriptional suppression, the extent to which it vigorously inhibits transcription factor (TF) binding sites in vivo is not yet known.
DNA methylation plays a major role in imprinting and is necessary for mammalian development [109, 110] . Cytosine methylation in the setting of CpG dinucleotides has been broadly considered as a fundamental mechanism for transcriptional suppression at the ATG upstream regulatory regions, and association between DNA methylation and gene expression has long been established [111] . However, the molecular machinery by which DNA methylation disturbs the chromatin state and controls the elements in a site-specific manner remains unclear. The relationship between complete genome DNA methylation and TF binding motifs was studied using the model of TF CCCTC-binding factor (CTCF). An ample TF with recognized methylation sensitivity that is capable of independent association with its target sites in chromatin was assessed [112] . This model is often used to support a major role for CTCF in the organization of chromatin architecture for the whole genome. CTCF is greatly conserved in higher eukaryotes. The full-length protein comprises an eleven zinc finger principal DNA binding site exhibiting close to 100% homology between humans, mice, and chickens. Based on its ability to bind to a spectrum of different sequences as well as specific co-proteins, CTCF was initially defined as a "multivalent factor" [113, 114] . These studies showed unequivocally that there is no overall difference in CTCF transcription efficiency with methylated or unmethylated genes. The possibility for DNA methylation to affect TF-binding sets, with a consequent impact on gene expression patterns, has been frequently suggested but not evaluated systematically. Surprisingly, the outcome of these studies is hypothesized to be constant across cellular contexts and under both stable and transient inhibition of DNA methyltransferases, suggesting the effects can be widely generalized. Given the total absence of association between changed binding and methylation variations, these consequences suggest a direct relationship between the level of the CTCF-mediated link between DNA methylation and genome organization. Indeed, a recent study by Yin Y. et al. [115] using a systemic evaluation of 542 TFs showed that some TF, including bHLH, bZIP, and ETS, was inhibited by methylated (mCpG). On the other hand, TFs, such as POU, homeodomain, and NFAT proteins, preferred to bind to methylated DNA. The preference of OCT4, a pluripotency factor of the POU family, to bind to a motif containing mCpG was established and verified by ChIP analysis. Therefore, the language used to read the genome, combined with the basic rules for silencing versus activation instruction, are just starting to evolve and some of the basic instructions are not yet unraveled.
Gene Expression Profiling of PAR-Related TFs
It is now possible to perform an efficient online search conducted on a meaningful large cohort of cancer patients versus healthy individuals to assess the level of PAR associated TFs. Such an evaluation may strongly support the importance of the assigned genes and associated transcription factors in the etiology of cancer development. While it has been found that PAR 1 and PAR 2 levels are at large upregulated in the majority of epithelial malignancies, both PARs are downregulated in either kidney renal papillary cell carcinoma (for PAR 1 ) and kidney chromophobe and kidney chromophobe and skin cutaneous melanoma (for PAR 2 ). When we have utilized this online platform using Gene Expression Profiling Interactive Analysis (GEPIA, http://gepia.cancer-pku.cn) ( [116] ; reviewed by JoAnn Trejo Review in this series), entailing data on RNA sequencing expression, the distinct upregulation of Twist, p53, TEAD, Maspin, and AP2 in the majority of epithelial malignancies was observed (Figures 4  and 5) . Unexpectedly, we could not see a pattern of induced levels of Egr-1. In most types of epithelial tumors, equal levels of Egr-1 were obtained in healthy and neoplastic tissues. One should keep in mind that in addition to expression levels (the search is based on RNA-seq), other factors may play an essential part in the final outcome, such as post-translational modifications and cell trafficking that delicately may govern the final outcome of a driver key protein function. The upregulation of the tumor suppressor genes p53 and AP-2 may indicate that their levels are required for the fine-tuning of oncogenes necessary for the promotion of cancer growth and metastasis. 
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